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Abstract 

A method has been developed to inject mobile charges at the surface of organic molecular crystals, 
and the DC transport of field-induced holes has been measured at the surface of pentacene single 
crystals. To minimize damage to the soft and fragile surface, the crystals are attached to a pre- 
fabricated substrate which incorporates a gate dielectric (S1O2) and four probe pads. The surface 
mobility of the pentacene crystals ranges from 0.1 to 0.5 cm 2 /Vs and is nearly temperature- 
independent above ~ 150 K, while it becomes thermally activated at lower temperatures when the 
induced charges become localized. Ruling out the influence of electric contacts and crystal grain 
boundaries, the results contribute to the microscopic understanding of trapping and detrapping 
mechanisms in organic molecular crystals. 
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Transport of field-induced charge in crystals of aromatic molecules is of interest in both 
technological and academic contexts. On one hand, organic field-effect transistors (OFETs) 
provide key components in "plastic electronics" such as active matrix flexible displays, where 
OFETs are used as pixel control devices [lj. On the other hand, though a wide variety of 
organic materials have been studied, relatively little is known about the details of microscopic 
intermolecular-transport dynamics, especially trapping and detrapping mechanisms, even for 
simple molecules such as polyacenes For example, a frequently addressed question is how 
the field-effect mobility of OTFTs relates to molecular order (sH^. An experimental difficulty 
has been that intrinsic transport properties are masked by structural imperfections and the 
device performance is limited by inefficient carrier injection because most of the devices 
reported on to date involve polycrystalline thin films. Therefore, it is desirable to measure 
field-induced transport in single crystals, applying a method which avoids disturbing the 
crystal surface as much as possible. Of further scientific interest is a possible electronic phase 
transition to intriguing states in such van-der-Waals crystals with moderate orbital overlaps 
between adjacent molecules, when the carrier density is high enough; ordered electronic 
ground states have been demonstrated in the form of superconductivity in doped fullerenes 
and complex charge-ordered states in charge-transfer compounds 0,0]. 

Using the metal-oxide-semiconductor (MOS) structure, one can continuously tune the 
amount of charge confined to a two-dimensional layer near the surface, so that the evolution 
of the field-induced charge transport can be systematically studied. However, the main diffi- 
culty lies in preventing the injected charge from being trapped by interface states. Although 
the surface of van-der-Waals crystals is free from dangling bonds and can be highly ordered, 
the surface can be damaged when depositing a gate oxide film. In this report, we present 
a general method of fabricating molecular single crystal MOS structures which avoids this 
problem: a set of probing electrodes is defined on top of a thermally oxidized silicon wafer 
which provides a gate insulator and gate electrodes. A separately grown pentacene crystal 
is then attached on the substrate, minimizing the damage to the crystal surface. In such de- 
vices, the electrically induced charge is mobile due to the good interface quality. A crossover 
from thermally activated transport to temperature-independent conduction is observed in 
four-terminal measurements, excluding parasitic effects from the source and drain contacts. 

Figure 1(a) schematically shows the fabrication process of the crystal-based MOS struc- 
ture. We use a heavily doped n-type silicon wafer (p ~ 0.016 Q cm @ RT) as a substrate. 
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The wafer is cleaned in a solution of sulfuric acid and hydrogen peroxide @ 80 °C, then 
oxidized in dry O2 @ 1150 °C to grow a high-quality gate insulator. The surface roughness 
(as measured by AFM) over the typical size of the device (~ 0.1 mm) is less than 1 nm, and 
the oxide has a thickness of 0.5-1 /mi. Probing electrodes (1 nm Cr for adhesion and 9 nm 
Au) for four-terminal measurements are defined by electron-beam lithography. The distance 
between the two voltage-probing pads is approx. 5 /im. This small separation reduces the 
likelihood of having macroscopic defects such as molecular steps in the channel of the device. 

Next, the SiC>2 is coated with a self- assembled monolayer of octadecyltrichlorosilane 
(OTS) with a thickness of ~ 3 nm. It is found that the monolayer reduces trapped charges 
at the interface |t| • To improve the electrical contact between the gold pads and the molec- 
ular crystal, the substrate is treated in a solution of 10 mM nitrobenzenethiol in ethanol. 
The thiol bonds to the gold surface, and the nitro group dopes holes into the surface of the 
crystal because of its large electron affinity. The treatment significantly reduces the contact 
resistance (approx. by a factor of 10 at room temperature and much more at low T), which 
is crucial for the low-temperature four-terminal measurement. After the surface treatments, 
the conductivity between the probe electrodes remains immeasurably small when a gate 
voltage is applied, indicating that the OTS monolayer is highly insulating. 

Pentacene single crystals are grown separately by the physical vapor transport technique 
^]. Starting from commercial powders of the same material (Fluka), the growth is repeated 
three times to purify the crystals. For a good adhesion to the substrate, it is preferable 
to choose a thin transparent crystal, with typical thickness of 2-5 /xm. Since the probing 
electrodes are visible through the crystal, the crystal can be located so that the most homo- 
geneous part is placed between the electrodes. Electrostatic force ensures a strong adhesion 
of the crystal to the substrate. Alternatively, adhesion can be imposed by applying a gate 
voltage. A picture of a typical sample is shown in Fig. 1(b), where no grain boundary is 
visible in the channel. 

On these devices, four-terminal measurements have been performed using four Keithley 
6517A electrometers/high-impedance meters. Figure 1(c) shows the corresponding circuit 
diagram. One of the electrometers applies the voltage Vqd and monitors the leakage cur- 
rent Iq through the dielectric, another applies the source-drain voltage and measures the 
current Is in the sample, and the others measure the difference in potential between the two 
intermediate electrodes and the drain electrode (Vi and V2). The sheet conductivity au of 
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the channel is given by Is/ (V2 — Vi) • l/w, regardless of the voltage drops across the source 
and drain contacts (I and w are the distance between the two intermediate electrodes and 
the width of the channel, respectively). The drain electrode is set common for the Vqd and 
Vsd application (in contrary to the standard connection of MOS transistors). Since only 
the "linear regime" of the channel I — V characteristics is of interest for the four-terminal 
method, the polarity of Vsd is chosen opposite to the polarity of Vqd to avoid the "pinch-off" 
saturation in J5. For convenience, we additionally define Vq = Vqd — (V\ + V2V2, which 
represents an effective gate voltage with respect to the central part of the channel where the 
sheet conductivity is measured. 

The distance between the two current-injecting electrodes is approximately 10-15 times 
longer than the width of these electrodes, so that the most of the current flows through 
the field-accumulated channel between them. In order to estimate the influence of the 
current flowing via the voltage electrodes, we also performed measurement using the circuitry 
illustrated in Figure 1(d); using a guarding function with a high input impedance (a voltage 
follower) of the Keithley 6517A, a set of two voltage pads (no. 1 and 3 in the figure) is 
held at the same potential level, so that no current flows between these pads. The channel 
conductivity in the guarded circuit was measured to be ~ 6% smaller than in the unguarded 
circuit. 

A drawback of the guarded measurement is its slower response, as it is necessary to 
minimize the redistribution of trap centers at the interface in response to high electric 
fields applied over a long time. As reported by Schoonveld et al. for pentacene thin- 
film devices on SiC>2 localized charges randomly distributed in pentacene and/or the 
SiC>2 can slowly move towards the interface in response to a relatively high gate voltage. 
Therefore, the distribution of the hole-trapping centers changes and the measured values of 
the field-induced current are not exactly reproduced after prolonged influence of Vq. The 
redistribution is faster at higher temperatures and at higher gate voltages. In order to 
minimize the effect of this charge relaxation, we swept Vqd at a fixed l^c as quickly as 
~ 30 s per sweep, using the unguarded circuitry, minimizing hysteresis effects. Moreover, 
Isd thus measured is reproduced after a set of measurements at different temperatures, 
ensuring that the relaxation effect is negligible in the measurements. 

In Fig. 2(a) and (b), I s at fixed values of Vsd is plotted for two temperatures as a 
function of Vq. The source current in the pentacene single crystal substantially increases 
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due to hole injection by the negative Vq. On the other hand, no enhancement of Is is 
detected with positive gate voltage. The influence of leakage current through the dielectric 
la is negligibly small (less than 0.1% of Jg). In Fig. 2(c), a\j is plotted against Vq, where 
6% is subtracted from the result of the unguarded measurement. The curves for different 
values of V$d ar e close to each other, indicating a nearly ohmic current- voltage relationship 
for the field- induced conductivity at the surface The observed curvature resembles that 
of typical organic field-effect transistors (FETs) and is consistent with a standard model: 
the injected charge is trapped until Vq reaches a threshold voltage V t h, and the amount of 
trap-free charge is given by p/ ree e = eeo(Vo — V t h)/d. In reality, the crossover is usually 
gradual [ill Q- As the surface mobility \x equals to crn/(p/ ree e), where e is the charge of 
an electron, \i for this sample can be estimated from the slope to be ~ 0.1 cm 2 /Vs with an 
uncertainty of 15-20%. 

Figure 3(a) presents the (tu-Vg curves at different temperatures from 160 K to 260 K. 
While the temperature dependence is obvious in the low Vq region, the maximum slope 
at high Vq does not differ much as a function of temperature. For each temperature, the 
mobility is estimated from this maximum slope and is plotted in Fig. 3(b). The results 
for two more crystals are also shown. The mobility values range from 0.1 to 0.5 cm 2 /Vs, 
with no apparent temperature dependence. These mobilities are comparable to typical room 
temperature bulk values measured in naphthalene by the time-of-flight method 13j , though 
an ultraclean crystal can show a rapid increase in /i(T) upon cooling 3, Q|- The mobility 
values of our devices are also comparable to those of high-quality pentacene thin-film FETs, 
though somewhat smaller than the best MOS device (1.5 cm 2 /Vs) 16]. (More recently, a 
mobility of 3 cm 2 /Vs was reported for pentacene OTFTs with a polymeric dielectric 17 [J 
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The absence of a temperature dependence is reported for the high-mobility devices of Ref . 
as well; however, possible contributions from grain boundaries and electric contacts limited 
further discussion of the origin of the T independence. Since it is not likely that such 
extrinsic mechanisms dominate fi(T) in our four-terminal measurements of single crystals, 
the nearly temperature independent [x(T) (at least from ~ 150 K to near room temperature) 
appears to be an intrinsic property of the surface of the pentacene single crystals in this 
study, motivating us to investigate the fundamental inter-molecular charge dynamics more 
quantitatively. 

The nearly T-independent feature is inconsistent with usual hopping models which predict 
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strong T dependence as ~ T~ m exp(— A/ksT). A difficulty arises in the band picture as 
well because a naive estimation of the mean free path I results in a value shorter than 
the distance between adjacent molecules a ~ 5 A; assuming the free-electron approximation 
H = er/m* = e£/m*v (r and m* are the relaxation time and the effective mass, respectively) 
and the 2D Boltzmann distribution of the average velocity v = \j2ksT '/m* , if a is evaluated 
as ~ 0.1, even if a ~ 0.5 cm 2 /Vs, T = 300 K, and m* is 1.5-5 times the free-electron mass 
(the Fermi temperature is as low as ~ 40 K even at Vq = 100 V). Allowing for polaron 
formation, which is common in dilute-charge systems, the nearly T-independent feature is 
deduced for naphthalene jlfll ]; however, since the calculation is based on a balance between 
electronic parameters (such as band width) and phononic parameters, the applicability to 
the case of pentacene crystals would need to be further explored. The combination of a short 
I and an almost T-independent conductivity is reminiscent of an almost T independent inter- 
layer charge transport near room temperature in a high-T c cuprate. There, metallic planes 
are stacked in a sub-nanometer distance. It is argued that direct tunneling between the 

n 

adjacent planes dominates the inter-layer transport in such systems [20]. 

In order to gain more insight into the transport mechanism of the field-induced charges, we 
extended the measurements on Sample C to lower temperatures, where the influence of the 
traps remains visible even at the highest applied gate voltage. The field-induced conductivity 
at fixed gate voltages o^ t {Vg) (= on^Yc) ~ °ti(0)) is plotted in Fig. 4 as a function of 
temperature. The amount of induced charge p shown in the figure is calculated from Vq- 
The conductivity is nearly temperature independent above ~ 150 K reflecting /i(T) shown 
in Fig. 3(b), and rapidly diminishes with an activation-like temperature dependence upon 
further cooling. The "activation energy" A, estimated from the slope of the \oga^ ET — 1/T 
plot, is comparable to or less than room temperature and slightly decreases with increasing 
Vq (inset Fig. 4). The observation on the low-T side is similar to recent results by Schoonveld 
et al. on a large-grain thin-film FET 2lf , where the channel is restricted to a single domain 

n 

and the influence of the contacts is analytically subtracted. The value of A in ref. |21| is 
similar to the ones we report here, and smaller at higher Vq, though the room temperature 
conductivity (and mobility) is more than one order smaller than that of Sample C. Therefore, 
the observed temperature and Vq dependence may reflect the generic behavior of the the 
conductivity at the surface of organic crystals influenced by shallow trap potentials. The 
dependence of A on Vq can be rationalized assuming a distribution of the trap levels as in 
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amorphous semiconductors |22|, because an increasing number of injected holes lowers the 
energy necessary to activate localized holes up to the "mobility edge" . However, one would 
question the reason of such qualitative similarity between the transport in single crystals 
and in amorphous systems, taking into consideration the extreme difference in the extent of 
the molecular order. In this sense, the microscopic mechanism causing the localization still 
remains to be elucidated in organic field-effect transistors. 



An intriguing mechanism is proposed in ref. 
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for the charge localization; random charges 



located at defects near the interface induce "offset charges" in the molecules, so that the 
field-induced holes must hop from molecule to molecule feeling a random potential via the 
charging energy due to the Coulomb interaction. A noteworthy prediction is that a T- 
independent tunneling probability governs the inter-molecular charge transport when the 
above localization mechanism becomes less significant because of either high temperature 
or high average hopping rate between the molecules. This may provide an interpretation 
of an almost T-independent \x as intrinsic to high-mobility pentacene field-effect devices. 
Measurements on single-crystal devices of various molecular compounds may help to eluci- 
date the microscopic mechanism limiting the field- induced c harg e transport. Very recently, 
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single-crystal measurements have indeed been successful [23, 

In summary, we have studied the transport of field-induced charge in pentacene single 
crystals by means of a new four-terminal method in which extrinsic contributions from grain 
boundaries and electric contacts are minimized. The hole mobility is comparable to the one 
in high-quality pentacene OTFTs. The induced sheet carrier densities are of the order from 
10 11 to 10 12 cm" 2 and lead to a temperature independent conductivity above ~ 150 K which 
correlates well with a high mobility of ~ 0.5 cm 2 /Vs. At lower temperatures, a crossover to 
thermally activated transport governed by shallow traps is observed. The presented method 
is well suited to investigate transport in other organic crystals and to study fundamental 
charge transport mechanisms in the 2D electronic systems in molecular crystals. 
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National Science Foundation. 
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Figure captions: 



FIG. 1: (a) Fabrication of the field-effect device with an organic single crystal MOS structure. The 
crystal is attached to the substrate in the end of the fabrication process, (b) Top view of a typical 
sample with a pentacene single crystal. The gold electrodes are visible through the transparent 
crystal, (c) and (d) Circuit diagrams to measure the transport of field-induced charge by means 
of the four-terminal method, (d) incorporates a guarding circuit to cut the extra current path 
through the voltage pads. 

FIG. 2: Four-probe measurement of a pentacene single crystal field-effect device. Shown is the 
dependence of three quantities on the gate voltage Vq (a) the source current Is at 260 K, (b) Is at 
180 K, and (c) the channel conductivity at both temperatures. The curves in (c) are represented 
with the same markers as in (a) and (b) for corresponding source-drain voltages. 

FIG. 3: (a) Channel conductivity vs. gate voltage at different temperatures from 160 K to 260 K. 
The field-effect mobility is derived from the slope of the solid lines, (b) The field-effect mobility as 
a function of temperature for three different pentacene single crystal devices. 

FIG. 4: Main panel: The field-induced conductivity (logarithmic scale) at four different gate 
voltages as a function of inverse temperature (Sample C). Dashed lines are a guide to the eye 
to illustrate the crossover from nearly T independent to activation like T dependence. Inset: 
Activation energy, estimated from the slope in the low-T regime, as function of estimated total 
hole density. 
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(a) Organic single crystal 
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Fig. 2 J- Takeya etal. 
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